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Abstract: This paper presents a dual-band groove gap-
waveguide (GGW) filter that provides two separately
adjustable passbands within a single-layer structure. The
core contribution is a dual-cavity organization that uses
two distinct cavity groups operating in the same TEo:
mode, together with novel I-shaped coupling slots milled
in the top plate that serve as the primary mechanism for
controlling inter-resonator coupling. This combination
provides flexible per-band adjustment of center
frequency and bandwidth without resorting to higher-
order mode sequencing or multilayer stacks often used in
prior GGW implementations, thereby simplifying
fabrication and assembly. A prototype addressing space-
to-Earth downlink bands exhibits passbands centered at
19.0 and 20.75 GHz, with 3-dB bandwidths of 400 and 280
MHz, respectively, and insertion loss <0.4 dB across both
bands. Measured return loss is >15 dB, and the
contactless GGW realization suppresses parasitic leakage
while simplifying machining and assembly. Sensitivity
analysis confirms tolerance to typical CNC variations in
pin height, air gap, and slot dimensions, supporting
reproducible performance. The proposed filter therefore
provides a practical RF solution for satellite IoT payloads
requiring low loss, spectral agility, and simplified
fabrication. Relative to state-of-the-art GGW filters, it
achieves a favourable trade-off among complexity,
footprint, and electrical performance, facilitating scalable
multiband K-band front-ends for emerging satellite IoT
networks!.

Keywords: Groove gap-waveguide (GGW); dual-band
filter; cavity resonator; low-loss; satellite IoT
communication networks; bandpass filter (BPF); single
layer structure; mm-Wave K-band.

1. INTRODUCTION

RF and microwave transceivers are indispensable in
modern wireless communication systems, comprising
essential components such as filters [1], [2], antennas
[3], diplexers [4], [5], couplers [6], and phase shifters
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[7]-[9]. These components underpin efficient signal
conditioning, transmission, and reception [10]. As
operating frequencies increase into the K-band and
millimeter wave ranges, conductor and radiation losses
intensify and can degrade link budgets if not carefully
managed [11], [12]. In response, designers increasingly
co-integrate multiple front-end functions to shorten
interconnects and mitigate packaging related leakage
[13], [14]. This approach reduces complexity, cost, and
production time, which makes the solution scalable for
high frequency applications such as the K-band.

Gap waveguide technology provides contactless
propagation between parallel conducting plates by
using an electromagnetic bandgap bed of nails to
suppress parallel plate modes [15]. Its variants, namely
groove [16], ridge [17], and microstrip ridge [18],
enable low loss passive components with relaxed
electrical contact requirements. Comprehensive
overviews and fabrication options are reported in [19],
[20]. Among these, groove gap waveguides (GGWs)
[21], [22] are attractive for filters because of their
affinity with rectangular waveguides and their
dominant TE o behavior, which allows high Q cavities
with well controlled inter resonator coupling via
apertures or slot perturbations. Practical design targets
include low insertion loss, compactness, suppression of
spurious modes, and manufacturability.

K- and Ka-bands are prioritized because they
provide wider and more contiguous spectrum than L-
or S-band, which enables higher aggregate data rates
and finer channelization for large IoT populations. The
shorter wavelength also allows smaller antennas for a
given beamwidth, which supports compact user
equipment and dense spot-beam frequency reuse. At
the same time, operation at these higher frequencies is
more demanding: conductor and interface losses
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increase, manufacturing tolerances tighten, and
atmospheric effects such as rain attenuation are more
pronounced near 20-30 GHz. These factors make low
insertion loss in front-end filtering especially
important. The air-filled GGW approach used here
addresses these needs by avoiding bulk dielectric loss,
suppressing parallel-plate leakage via the EBG lid, and
maintaining a single-layer, contactless structure that
reduces ohmic and assembly-related losses in the
targeted 19.0 and 20.75 GHz bands.

Positioning with respect to existing GGW filters.
Prior GGW bandpass designs often realize single band
responses or achieve dual band operation by invoking
higher order or sequential modes in a shared cavity, by
using multilayer stacks, or by employing dense pin
fields that raise machining effort and yield risk, for
example [23], [30], [31]. In contrast, this work relies on
dual cavity tuning under the same TEp, mode but
organizes two distinct cavity groups with different
physical dimensions and uses I-shaped slots milled in a
single top plate to set inter resonator coupling. This
arrangement preserves a single-layer structure, enables
per band control of center frequency and bandwidth,
and targets low insertion loss with simplified
fabrication. We refrain from first time claims and
instead emphasize these practical distinctions relative
to existing GGW dual band filters.

Key design characteristics relative to prior GGW
filters.

1. Single-layer dual band GGW architecture uses
two TEi cavity groups with distinct
dimensions, which enables separate adjustment
of each passband’s center frequency and
bandwidth.

2. I-shaped coupling slots in the top plate that
realize strong and selective coupling without
multilayer alignment or intricate pin fields,
which improves manufacturability.

3. Demonstrated low insertion loss below 0.4 dB
at 19.0 and 20.75 GHz with measured return
loss of at least 15 dB, which aligns with K-band
space to Earth downlink needs while keeping
mechanical complexity moderate.

The central contribution of this work is the use of I-
shaped coupling slots engraved on the top plate of a
single-layer groove gap-waveguide structure to
precisely control inter-resonator coupling, enabling
separately adjustable dual-band operation with low
insertion loss and improved impedance matching.

II. GGW BANDPASS FILTER

This section describes the design process for a
bandpass filter intended for a space-to-earth satellite
communication system operating at 19 and 20.75 GHz.
For clarity, the design procedure is presented in three
stages aligned with the main contributions of this work.
First, the baseline GGW cavity configuration and pin-
lattice parameters are established to realize the dual-
band resonant behavior. Second, the proposed I-shaped

coupling slots are introduced to enhance inter-cavity
coupling and achieve the final filter response. Finally,
fabrication considerations, tolerance analysis, and
experimental validation are presented to demonstrate
the practicality of the proposed architecture.

The final proposed filter employs a third-order
GGW cavity structure with I-shaped coupling slots
engraved on the top plate to enhance inter-cavity
coupling and impedance matching. Section II-A
presents the baseline cavity synthesis and resonator
configuration, while Section II-B introduces the I-
shaped coupling mechanism leading to the final
optimized filter response.

The two frequency bands are sufficiently separated
to prevent interference. The filter is constructed using
a GGW, which comprises an array of metal pins
protruding from the bottom metallic plate with the top
metallic plate positioned above the pins, separated by a
narrow air gap. Simply put, in all types of GGWs, the
basic structure consists of parallel plates with a
magnetic wall and an electrical wall. The magnetic wall
is artificially created using an array of A/4 metal pins.
Wave propagation is suppressed in all directions when
the distance between the two walls is less than A/4. A
groove in the parallel walls is introduced to create a
path for wave propagation. The first step in the design
process is determining the parameters of the bed of
metal pins to produce the required electromagnetic
bandgap stopband. These parameters (pin height d,
period p, pin width a, and air gap g) were optimized
using unit-cell dispersion analysis in CST Microwave
Studio to ensure a stopband covering 1626 GHz. In
this design, the electromagnetic bandgap is formed by
a rectangular lattice of square pins, as exhibited in
Fig.1, with cross-section a=1 mm and height d=4.25
mm, repeated with period p=2 mm along both x and y
directions. The top plate is spaced by an air gap of g=1
mm above the pin tips, which together with the lattice
yields a stopband from 16-26 GHz for parallel-plate
modes as depicted in the dispersion diagram. The value
of the pin’s parameters is stated in Table I, where A is
the free-space wavelength at 19 GHz. These optimized
dimensions were obtained using CST Microwave
Studio, a 3D full-wave electromagnetic (EM)
simulation tool.

Despite these systematic steps, challenges often
arise. Ensuring no energy leakage due to improper pin
array design and achieving precise dimensions during
fabrication are common hurdles. By addressing these
challenges through careful design, simulation, and
testing, a high-performance GGW bandpass filter can
be realized. Its bandwidth and center frequency can be
controlled by adjusting the cavity dimensions (g1, g2),
the inter-cavity spacing (i), and the coupling-slot
parameters, which determine the resonant frequencies
and coupling coefficients of the filter. The periodicity
and dimensions of the metallic pins, including their
width, height, and spacing, significantly affect the EM
field confinement and propagation characteristics,
which in turn influence the resonant frequency. Once



fabricated, this type of filter is not tunable. Therefore,
it is critical to minimize manufacturing tolerances to
ensure the design specifications are accurately met.
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Fig.1. (a) Metal pin used in the groove gap-waveguide (GGW)
filter, and (b) dispersion diagram of the GGW using the metal pin.

The metallic pins were strategically placed within
the structure to form the cavity, as displayed on Fig.2.
These pins serve a critical role in confining the EM
modes within the cavity, ensuring efficient energy
storage and transfer while minimizing unwanted mode
interference. The placement and dimensions of the pins
were key parameters in achieving the desired filter
performance, as they directly influence the resonant
frequencies and the formation of the EM bandgap.

TABLE 1. DIMENSIONS OF THE GEOMETRICAL
PARAMETERS OF THE METAL PIN.
Parameters Range Exact value
Height of the pins (d) d= /4 d = 4.25mm
~ /4
Cross-sectional /40 <a a=1mm
dimensions of the pins (a) < 1/10 =1/16
Period of the pins (p) A/25<p<A/5|p=2mm=21/8
Gap between AMC & A/20< g g =1mm
PEC (g) < 21/10 =1/16

The groove/cavity region is realized by omitting
pins to set the cavity width, depth and length to ensure
it could support the desired wave propagation
characteristics at the target frequency bands. In the 3
order, the two cavity groups use g; = 15 mm and g> =
29 mm to target the two passbands at 19 and 20.75
GHz, while effectively attenuating frequencies outside
this range. Coaxial excitation uses positions L,= 6.5mm
and W,= 5.5 mm with penetration depth pd= 2 mm. In
other words, besides the arrangement and dimensions
of the metal pins for confining EM modes and
achieving the desired bandgap characteristics, the
placement of coaxial ports is another critical aspect of
the design. Their separation from the lateral pins in
both vertical and horizontal directions, as well as the
depth to which the coaxial pins penetrate the cavity,
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have a significant impact on the resonator’s
performance, particularly on the S-parameter response.
The S-parameter response is highly sensitive to these
geometric parameters because they influence the
coupling efficiency, insertion loss, and return loss of
the resonator. A poorly optimized placement or depth
can lead to undesirable resonances or signal
attenuation, undermining the filter's performance.
Therefore, precise optimization of these structural
parameters is essential to ensure the resonator achieves
high performance with minimal loss and strong
selectivity at the target frequencies. The final
optimized structural parameters, determined through
extensive simulations and iterative adjustments, are
summarized in Table II. These parameters ensure the
resonator’s ability to operate effectively within the
specified frequency bands, meeting the design
objectives for the GGW filter.

It is worth mentioning that, to enable signal
coupling, coaxial ports were integrated into the design.
These ports facilitate the efficient transfer of energy
into and out of the filter, allowing the device to
interface seamlessly with external circuits. The
coupling mechanism was engineered by optimizing the
inter-cavity spacing (i), the I-shaped slot dimensions
(Ci—Ca4), and the probe penetration depth using full-
wave CST simulations to achieve the desired coupling
strength while maintaining low insertion loss and high
selectivity. This systematic and iterative design
approach resulted in a filter structure with the required
performance characteristics, demonstrating the
efficacy of the groove gap-waveguide cavity and pin
arrangement for dual-band operation in satellite
communication systems.

The resonant unit of the proposed bandpass filter
(BPF) is a dual-mode GGW resonant cavity, which
exhibits resonant characteristics like those of a
rectangular waveguide cavity. The resonant frequency
of mode mn can be calculated using the following
expression [24]:

=27 |(T) + () + () @

where, c is the speed of light, /, w, and / are the length,
width and height of the resonant cavity.

As indicated by Fig.2, the cavity resonator was
excited via one of the coaxial ports located on the top
plate, while the resonant signal was extracted through
the other port. The cavity demonstrates passbands
around 18.94 and 20.75 GHz, with an insertion loss of
less than 1 dB and a return loss exceeding 15 dB. The
electric field patterns of the resonant modes excited at
18.94 and 20.75 GHz within the GGW cavity are
illustrated in Figs. 2(e) and 2(f), confirming the
resonator’s ability to support the intended dual-band
operation by effectively guiding and confining EM
energy at the desired frequencies.
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TABLE II. OPTIMIZED STRUCTURAL PARAMETERS OF
THE SINGLE CAVITY GROOVE GAP WAVEGUIDE

Parameters Value Parameters Value
(mm) (mm)

Lc 35.0 pd; 0.5

We 21.0 t 3.0

Lp 6.5 2] 3.0

Wp 5.5 Lf 35.0

g 15.0 wf 63.0

Jo) 29.0 i 1.0

d 4.25 pd2 2.0

h 1.0 Cl (Fig.5) 19.0

p 2.0 C2 (Fig.5) 2.5

a 1.0 C3 (Fig.5) 1.0

s 1.0 C4 (Fig.5) 8.0

A) 3 Order GGW Filter

The synthesis of a filter with a specified passband
requires cascading multiple resonators arranged in
series to achieve the desired passband characteristics.
The spacing between the resonators is critical, as it
determines the coupling coefficients. The structure of
the proposed third-order GGW filter is shown in Fig. 3.
The design process began by establishing the physical
dimensions of the cavity resonators to achieve
resonances at 19 and 20.75 GHz. During this process,
it was observed that coupling between adjacent
resonators could shift the resonance frequencies of the
cavities. To evaluate and quantify this frequency shift,
an eigenmode analysis was performed using CST
Microwave Studio. The optimized dimensions of the
resonators were determined as g; = 15.0 mm and g, =
29.0 mm. To synthesize the desired frequency
response, the coupling matrix approach outlined in [23]

(e) )

Fig.2. Configuration of the groove gap waveguide cavity resonator: (a) top view, (b) side view, (c) isometric view, (d) simulated return loss
and insertion loss responses, and electric field distributions at resonance frequencies of (e) 18.93 GHz and (f) 20.75 GHz. The field distribution
in (e) corresponds to a higher-order TEo; mode, which was explored during the initial design phase for mode analysis but was not used in the
final filter implementation.

was used. This approach is independent of the physical
structure and relates the coupling coefficient (M;)
between cavities to the fractional bandwidth (FBW), as
described in [25]:

M..:(flz_fzz)x ! 2
YoO\fE+ £ FBW

where f; and f> are the resonant frequency obtained
from eigenmode analysis of the structure using CST
Microwave studio.

For a fractional bandwidth of 1.25% in the first
passband, the coupling coefficients between two
adjacent resonators, M, and M>;3, are calculated to be
1.10. Based on the graph in Fig. 4, obtained from
simulation analysis using CST Microwave Studio, the
gap between the cavities required to achieve the desired
coupling is determined to be 3 mm. The physical
interval (i) between adjacent resonators was then
optimized to realize the desired passband response.
This optimization was conducted wusing CST
Microwave Studio’s tools, with a cost function defined
to minimize return loss within the passband while
maximizing rejection outside it. The cost function is
determined as follows. Let B;=[18.90, 19.13] GHz and
B> =[20.55, 20.83] GHz denote the target passbands
(Fig. 3(e)), and let S;, Su, and Sy denote the stopbands
below B;, between B, B, and above B, respectively.
For a given parameter set (here the spacing i), we
compute the simulated S-parameters and minimize
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where fo.1 = 19.0 GHz, fo», = 20.75 GHz are the target
centers (Fig. 3(e)), foxs(i) is the simulated passband
peak, and FBWy is the target fractional bandwidth of
each passband (from the coupling-matrix synthesis and
Fig. 4). The thresholds are set in linear magnitude as
TRL = 1071520 (return-loss target 15 dB), t;, = 1070320
(in-band insertion-loss target 0.8 dB), and tsp= 107390
(stopband attenuation target 30 dB). Weights wgz, wiz,
wss, wcr are chosen so that out-of-band suppression
and in-band matching have comparable influence, with
a slightly higher weight on wsz to enforce inter-band
isolation. The grids B;, B2, S, Su, Sy are uniformly
W

Coaxial feeding Port 2,
Coaxial feeding Port 1

sampled within the EBG window and measured span
shown in Fig.3 and used consistently with the coupling-
versus-distance characterization in Fig.4. The electric
field distribution of the modes excited in the cavities of
the filter structure is shown in Fig. 3(d). It is evident
the excitation is strongest in the input and output
cavities, indicating the weak coupling between the
cavities. The optimum observed for this design is i =
1 mm, which achieves the dual-band response in
Fig.3(e). This figure shows the response of the baseline
third-order GGW filter configuration prior to the
introduction of the I-shaped coupling channels
discussed in Section II-B. The 3-dB passband covers
18.9-19.15 GHz and 20.82-20.87 GHz with center
frequencies of 19.11 and 20.8 GHz, corresponding to
fractional bandwidths of 1.31% and 0.24%,
respectively. The filter has an insertion loss better than
1.85 dB, with approximately 0.4 dB at the center
frequencies of 19.11 and 20.8 GHz. The measured
return loss across the passbands exceeds 15 dB,
indicating good impedance matching suitable for
practical applications. There is a 4.8% discrepancy
between the theoretical and measured fractional
bandwidth.

——— 3 penetration depth
is2mm=pd;

(d)
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Fig.3. Baseline third-order groove gap waveguide filter prototype with a flat (non-engraved) lid, prior to the introduction of the I-shaped
coupling channels used in the final design of Fig.5: (a) top view (left) and isometric view (right) with the top layer hidden, showing the inter-
resonator spacing ‘i’; (b) side views from different angles to illustrate all structural parameters (left) and the penetration depth of the coaxial
probe (right); (c) fabricated prototype before assembly (left) and after assembly (right); (d) simulated electric field distribution at 19 GHz
within the filter structure, showing the selected TE (. resonance mode; and (e) measured return loss and insertion loss responses. The TE ¢,
mode provides enhanced field symmetry and coupling characteristics, enabling stable dual-passband operation in the final filter design. The
periodic pin structures in (a) represent the EM bandgap walls typical of GGW technology, used to confine the wave and eliminate the need

for metallic sidewalls.

B) Performance Enhancement Via Inter Cavity
Coupling

Before introducing the enhanced coupling
structure, it is important to note that Fig. 3 presents the
baseline third-order GGW filter prototype without the
I-shaped coupling channels. In this configuration, the
top metallic plate is a flat lid without engraved cavities
and was used to evaluate the initial dual-band cavity
behavior. Fig. 5, in contrast, presents the final
optimized prototype where I-shaped channels are
engraved on the underside of the lid to introduce
additional inter-cavity coupling and improve the
filter’s impedance matching and insertion loss.
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Fig.4. Coupling coefficient between two adjacent cavities versus
distance (x).

A key contribution of this work is the introduction
of I-shaped coupling slots engraved on the underside of
the top plate to control inter-cavity coupling in the
proposed GGW filter. Two I-shaped channels were
milled on the underside of the top plate in strategic
locations, as illustrated in Fig. 5, to create
electromagnetic coupling between the outer cavities
and partial coupling with the middle cavity. The
purpose of the proposed coupling channels is to
introduce additional boundary conditions and modify
the EM field distribution leading to new field
distributions that better suit the desired filter response.

Contrary to the interpretation that the dual-band
response arises from sequential modes of a single
cavity, the proposed filter employs two distinct cavity
groups, each operating in the same TE 9, mode but with
different physical dimensions (g; and g») to support

independent resonances at 19 and 20.75 GHz. This
allows separate control of the center frequency and
bandwidth of each passband. The use of identical mode
types avoids the limitations associated with relying on
higher-order or sequential modes, which are inherently
frequency-locked and do not permit independent
tunability.

This mode provides a favorable field distribution
that facilitates efficient coupling via the I-shaped slots,
with reduced sensitivity to fabrication tolerances. The
I-shaped coupling slots were aligned and dimensioned
to preferentially couple TEip, while discouraging
coupling to undesired modes. Although the
fundamental TEi;o1 mode offers a more compact
footprint, it was not chosen due to limitations in
coupling efficiency, reduced field symmetry, and
proximity to spurious modes that could compromise
filter selectivity. In contrast, the TE 9, mode provides
two longitudinal electric-field maxima along the cavity
length, enabling stronger and more controllable
coupling through the I-shaped slots while improving
isolation between adjacent resonators. The TE o, mode
allows greater spatial separation of field maxima,
improving isolation between adjacent cavities and
enabling dual-passband operation with minimal mutual
interference. This choice is also supported by
simulation results, as illustrated in Fig.3, which
confirm clean resonance and strong confinement at the
target frequencies. The chosen configuration enables a
practical dual-band filter with flexible frequency
planning for satellite communication links. The
dimensions and characteristics of these I-shaped
channels were optimized through 3D EM simulations
conducted using CST Microwave Studio. The GGW
filter, shown in Fig.5, was fabricated using a
subtractive manufacturing method with a CNC
machine. The resulting design not only improves
spectral performance but also simplifies fabrication, as
the slots can be milled into a single metal plate without
requiring multilayer alignment or complex machining.

The S-parameter response of the 3™ order GGW
filter with I-shaped coupling, depicted in Fig.5,
demonstrates significant performance improvements.



The 3-dB passbands now extend from 18.90-19.13
GHz and from 20.55-20.83 GHz with an insertion loss
of less than 0.4 dB. The S-parameters were measured
using a calibrated vector network analyzer with the
reference planes located at the ends of the measurement
cables; therefore, cable and connector losses are
calibrated out, while the reported insertion loss
includes the coaxial probe transitions integrated with
the filter prototype. Additionally, the return loss
exceeds 15 dB indicating effective signal management.
A comparison of simulated and measured results
confirms the high accuracy and reliability of the
proposed method. The small shifts observed between
simulated and measured center frequencies are
consistent with the machining tolerance of the CNC
process (=+50—100 pum), which aligns with the trends
predicted in the sensitivity analysis. Simulated and
measured S-parameters show only the two target
passbands within the 16-26 GHz EBG window, and
tolerance studies indicate that realistic dimensional
deviations detune and affect matching but do not create
new passbands, supporting the absence of spurious-
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mode excitation in the reported operating bands. The
physical prototype, assembled filter, and experimental
setup are also shown in Fig.5.

The 3-dB bandwidth of each passband is controlled
by tuning the inter-resonator coupling coefficient
through adjustment of the cavity spacing (7) and the
dimensions of the I-shaped coupling slots, as
determined by coupling-matrix synthesis and full-wave
EM  optimization. Specifically, the fractional
bandwidth is directly related to the coupling
coefficients, which are realized by adjusting the
physical gap between cavities and by introducing I-
shaped coupling channels on the top metallic plate.
These slots perturb the cavity modes and create the
required EM interaction. Additionally, the placement
and penetration depth of the coaxial probes affect the
loaded quality factor (Q), which further influences the
bandwidth. Therefore, by tuning these structural
parameters during the design phase, the bandwidth of
each passband can be independently and accurately
controlled.
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Fig.5 Final optimized GGW filter incorporating the proposed I-shaped coupling slots (key coupling mechanism of this work). (a) schematic
layout of the balanced third-order groove gap waveguide filter highlighting the I-shaped hollows etched on the top layer and their dimensional
parameters, where all other parameter values are the same as in Fig. 2; (b) E-field distribution at 19 GHz in the filter structure with the top
plate including I-shaped channels; (c) manufactured prototype before assembly (left) and after assembly (right); and (d) simulated (dashed
lines) and measured (solid lines) return-loss and insertion-loss responses. Dimensions of the structural parameters C/—C4 are listed in Table
1L

bandwidths are fixed, making the design highly

The design flowchart of the proposed dual-band
GGW filter is given in Fig.6. Once fabricated, the

sensitive to dimensional tolerances.
To assess the robustness of the proposed filter

design, a parameter sensitivity analysis was conducted



using CST Microwave Studio. The following key

geometrical parameters were varied around their

optimized values to evaluate their influence on the
filter's performance, particularly the center frequency,
3-dB bandwidth, insertion loss, and return loss:

» Pin Height (d): Varying the pin height by £0.1 mm
around the nominal 4.25 mm value resulted in a
shift of the bandgap and a £70 MHz change in
center frequency. Lower pin heights decreased
mode confinement, slightly increasing insertion
loss.

*  Air Gap (g): A £0.1 mm variation in the air gap
above the pins (nominal g=1 mm) led to detuning
of the passband and degradation in return loss.
Larger gaps weakened the effective PMC boundary
condition, increasing EM leakage.

= Cavity Dimensions (g1, g2): The cavity width (g;)
and length (g») were each varied by £0.2 mm. This
resulted in shifts of approximately +50-80 MHz in
center frequency, confirming their critical role in
frequency tuning.

»  Coupling Gap (i): The spacing between resonators,
‘i’, directly controls coupling strength. A variation
of +0.2 mm caused ~0.1-0.2% change in 3-dB
bandwidth, consistent with coupling coefficient
trends in Fig.4.

»  [-Shaped Slot Parameters (C;-Cy): Each slot
dimension was varied by #0.1 mm. These
perturbations had significant effects on return loss
and selectivity. Return loss degraded by over 5 dB
for some configurations, confirming the importance
of precise milling.

1. Cavity Mode Analysis
- Identify resonant TE modes
- Simulate field distribution

y

2. Resonator Dimensioning ’

-Tune g1 and gzfor 19 & 20.75 GHz
- Use TEi02 mode

y

{ 3. Coupling Design

- Add I-shaped slots
- Control bandwidth and Q

!

4. Full Filter Optimization
- Simulate full structure
- Optimize spacing ‘i’ and probes

!

5. Fabrication & Measurement ]

- Build prototype
- Compare Si1, S21 vs. simulation

Fig.6. Design flowchart of the proposed dual-band groove gap
waveguide filter. The process includes mode identification,
dimension tuning for dual TE.e-mode cavities, coupling structure
design, full-wave optimization, and experimental validation.

Fig.7 illustrates the influence of pin height on the
center frequencies of the two passbands. Fig. 8 shows
how the return loss and 3-dB bandwidth vary with the

inter-cavity gap, while Fig. 9 presents the relationship
between the air gap and insertion loss. Finally, Fig. 10
demonstrates the sensitivity of return loss to variations
in the width of the I-shaped coupling slot (Ci). These
results confirm that precise fabrication is essential to
ensure performance consistency. They also highlight
that while the proposed filter is moderately tolerant to
small geometric variations, manufacturing precision is
essential to maintain performance especially given the
non-tunable nature of groove gap waveguide
structures.

Center Frequency vs. Pin Height
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Fig.7. Variation in center frequency with changes in pin height d.
Both passbands shift approximately £70-80 MHz for +0.2 mm
change, indicating strong dependence on pin dimensions.

In the proposed filter, I-shaped slots are employed
as the primary coupling mechanism between adjacent
resonators. This decision is driven by their ability to
locally perturb the EM field distribution, enabling
efficient energy exchange between cavities while
maintaining a compact footprint. Compared to
conventional rectangular or circular apertures, I-shaped
slots offer greater control over both the coupling
strength and the frequency selectivity due to their
extended surface area and asymmetrical geometry.
This geometry facilitates stronger electric field
concentration at slot edges, which enhances inter-
cavity coupling without significantly altering the
individual resonant frequencies.

Return Loss and Bandwidth vs. Inter-Cavity Gap
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Fig.8. Return loss and 3-dB bandwidth as functions of inter-cavity
spacing i. Optimal performance occurs around i =1.0 mm; deviations
reduce selectivity and impedance matching.



Insertion Loss vs. Air Gap
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Fig.9. Insertion loss versus air gap g between the top and bottom
plates. Insertion loss increases significantly as the air gap deviates
from the 1 mm design target.
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Fig.10. Return loss sensitivity to variation in I-shaped slot width £7.
Deviations of +0.1 mm degrade return loss by more than 5 dB,
underscoring the importance of precise slot machining.

C) Fabrication Considerations and Sensitivity Analysis

The proposed filter was fabricated using precision
CNC milling of two aluminum blocks, forming the
base and top metallic plates. The air gap between the
pin tops and the top metal plate was maintained at
approximately 1 mm (A/16), which is critical for
achieving the intended bandgap and suppressing
parallel-plate modes. During assembly, alignment
dowel pins and uniformly tightened screws were used
to maintain plate parallelism, ensuring a nearly
constant air gap g = 1 mm across the structure. The
bottom plate includes the array of rectangular pins that
define the EM bandgap structure, while the top plate
includes the I-shaped coupling slots and provides the
air gap needed for mode confinement. The material
choice of aluminum offers a balance between
conductivity, weight, and mechanical machinability,
making it suitable for space-grade components.

Special attention was given to maintaining uniform
pin height (nominally 4.25 mm) and precise slot
dimensions to ensure consistent resonance behavior.
Mechanical fixtures were used to align the plates
during assembly to avoid lateral or vertical
misalignment that could affect performance.

To validate the design’s robustness to fabrication
tolerances, a detailed sensitivity analysis was
performed (see Figs. 7-10). The results demonstrate

that the filter retains acceptable performance despite
moderate dimensional variations, confirming its
resilience to typical machining inaccuracies.

D) Proof of Leakage and Surface-Wave Suppression

Modal bandgap evidence. The dispersion analysis
of the pin unit-cell in Fig.1 shows a stopband from 16—
26 GHz for the adopted lattice d =4.25 mm,a=g=1
mm, p = 2 mm. Within this band, parallel-plate and
surface waves are evanescent, which prevents lateral
leakage when the lid spacing is g<A/4. This is the
established operating principle of gap-waveguides with
a PEC-PMC pair formed by the bed-of-nails lattice.

Field-confinement evidence. Full-wave simulations
show energy confined to the groove/cavities with
negligible fields in the pin bed. The E-field map in
Fig.3 at 19 GHz illustrates this confinement for the
operating TEp, cavity mode. The measured response
in Fig.5 exhibits insertion loss < 0.4 dB across both
passbands, which is consistent with minimal radiation
loss and suppressed surface-wave power.

Parametric consistency. The sensitivity study
shows that relaxing the effective PMC condition
degrades confinement: increasing the air gap g detunes
the passband and raises insertion loss (Fig.9), and
reducing pin height d weakens the bandgap and shifts
the centers (Fig.7). Both trends are expected when
leakage and surface-wave suppression deteriorate,
providing indirect empirical support for the
mechanism.

Taken together, the unit-cell stopband, the confined
field patterns with low measured loss, and the tolerance
trends constitute direct and self-consistent proof that
the GGW lattice suppresses radiation leakage and
surface-wave propagation in the reported bands.

During assembly, the two aluminum halves were
aligned with mechanical fixtures to prevent lateral and
vertical misregistration, and the lid spacing was
maintained at approximately g=1 mm. Photos of the
prototype before and after assembly are shown in Fig.5.
Sensitivity results indicate that deviations affecting g
(from tilt or z-offset) degrade matching and increase
insertion loss, while lateral slip that perturbs the inter-
cavity spacing i or the I-slot registration alters
bandwidth and return loss. Specifically, g = 0.1 mm
detunes the passbands and worsens return loss; i = 0.2
mm changes the 3-dB bandwidth by about 0.1-0.2%;
and C; = 0.1 mm can reduce return loss by more than 5
dB. The measured S-parameters in Fig.5 remain close
to simulation with approximately 0.4 dB insertion loss,
indicating that assembly alignment was kept within
these tolerance bounds.

E) Manufacturing and Cost Considerations for K-band
Mass Production

Implications for process capability. To keep re-tune
scrap low at K-band, practical targets are:
flatness/parallelism of the mating plates < 20-30 um
over the cavity region to stabilize g = | mm, critical



features (pin height d, slot width C;, probe penetration)
held within +50—-100 um (tighter on g, C;), and surface
roughness Ra < 1.6 pm on RF faces. These values align
with the observed sensitivity of g, d, C; to loss and
match.

Manufacturing routes and trade-offs. Multiple
routes can meet these tolerances; selection depends on
volume and allowed tooling. A broad fabrication
overview for GWG/GGW components is given in the
literature.

* CNC milling (baseline). Two aluminum halves with
dowel-pin registration and post-op surfacing; this is the
route used for our prototype [33].

* Investment casting + finish-machining. Near-net pin
beds and cavities from lost-wax casting, then finish-
mill pins, slots, and sealing lands to tolerance for
mid/high volumes [34].

Yield is dominated by the air gap g and the I-slot
geometry. We recommend hardened dowel pins and
pilot shoulders for x—y, shim stock or precision spacers
under fasteners to set g within £50 pm, torque
sequencing to preserve flatness, and CMM or optical
profilometry to verify pin height and slot widths on a
sampling basis. These controls directly target the most
sensitive parameters identified above.

Tight control of g and C; is essential; employ
go/no-go slot gauges and calibrated spacers for g.
Thermo-mechanical stability of aluminum implies Ag
with temperature, evaluate hard coat anodize or
alternative alloys, and plan thermal cycling as part of
environmental screening. Connectorization can be a
yield limiter; consider waveguide or SMPM launches
to reduce variance relative to hand-set coax probes.

Absolute costs are location and supplier dependent,
so we quote relative indices and main drivers,
consistent with mm-wave packaging practice.

F) Power handling considerations (air-filled GGW vs.
dielectric-filled)

For continuous-wave (CW) operation, two limits
dominate: (i) RF breakdown/multipaction (a field
limit) and (ii) ohmic/dielectric heating (a thermal
limit). With respect to field limit, in air at 1 bar, the RF
breakdown strength is commonly taken near 3 MV/m
(= 30 kV/cm). Using the standard TE;p waveguide
power relation that links maximum electric field to
carried power, the theoretical air-breakdown limit in a
K-band rectangular guide is far above typical IoT
transmit powers; practical limits are reduced by field
enhancement at edges/slots and by discontinuities. For
space use (vacuum), multipaction becomes the
governing mechanism; design and qualification should
follow ECSS-E-HB-20-01A (analysis + test) [35],
which gives the process for establishing a
multipaction-free operating margin for the exact
geometry and carrier(s).

With respect to thermal limit of the proposed
prototype, our measured insertion loss is < 0.4 dB in
both bands (Fig.5). Thus, the dissipated power is

Puiss = Pin(1-107°%19) = 0.089P;,. As aresult, 10 W CW
at the input corresponds to = 0.9 W total dissipation
spread over the cavities and slots; with the present
aluminum body and footprint, this is comfortably
within conduction cooling capacity. 20 W CW would
dissipate =~ 1.8 W and remain feasible with modest
heatsinking; above this, thermal gradients may detune
the narrowband and should be verified by thermal-
mechanical analysis.

Compared with dielectric-filled filters, an air-filled
GGW does not incur bulk dielectric loss, so it avoids
the temperature rise associated with the material’s loss
tangent. At K-band, that dielectric loss often becomes
the dominant limit under continuous-wave operation,
meaning dielectric-loaded filters of comparable size
generally reach thermal derating at lower input power.
This is true even though many ceramics have high
intrinsic  electric-field breakdown strengths, the
bottleneck is typically heat generated by dielectric loss,
not the breakdown field itself.

III. STATE-OF-THE-ART COMPARISON

This section positions the proposed single-layer
dual-band GGW filter against representative
GGW/RGW variants across Ku—K-mm-wave bands.
We compare footprint (normalized to A3), 3-dB
fractional bandwidth (FBW), in-band insertion loss
(IL), return loss (RL), and implementation complexity.

Compared with [26], which uses a T-shaped region
densely filled with pins, our design is markedly simpler
to machine and smaller in normalized area. The filter
in [26] exhibits a large footprint (14.9x4.08 A3), higher
IL (1.0 dB), narrow FBW (0.62%), and RL of 10 dB.
The mushroom-pin and microstrip-ridge realizations
[27]-[29] gain compactness in places but at the cost of
higher IL (1.29-1.37 dB) and added fabrication steps
(via holes, multilayer substrates, precision mushroom
features). The three-layer rectangular-pin/X-iris GGW
in [30] achieves excellent IL (0.24 dB) but only 2.38%
FBW and higher structural complexity. Pin-free
regions with hollowed inductive coupling in [1] keep
IL around 1.1 dB with narrow FBW (1.4%) and a larger
footprint, while the single-channel inductively coupled
GGW in [31] shows moderate bandwidth (4.19%) and
IL (1.5%) but still demands precise pin placement.

Two recent dual-band references strengthen the
comparison. At Ku-band, [36] reports reflectionless
single/dual-band GGW filters (14.52/15.2 GHz) with
measured IL of 0.79/0.76 dB and FBW of 2.26/1.95%,
obtained using stacked structures and absorptive
networks, solid RF figures but high complexity. At
mm-wave, [37] demonstrates a multilayer GGW dual-
mode dual-band filter (~67.9/69.8 GHz) that is
extremely compact (0.83x0.45 A3) but with narrower
FBW (0.63/0.57%) and higher IL (1.98/2.12 dB),
reflecting tighter tolerances and losses at ~70 GHz.

Within this context, our K-band prototype achieves
a balanced trade-off: compact single-layer construction
(4.20x2.33 and 4.50%x2.50 A3), low IL (0.37/0.39 dB),
RL = 16 dB, and FBW = 1.3%. Avoiding multilayer



alignment, dense mushroom fields, and absorptive
networks reduces fabrication risk and cost while
retaining per-band tunability. To pursue wider FBW
with this topology, stronger inter-cavity coupling
(reduced spacing or modified slot geometry) and
possibly smaller pin cross-sections would be required,
both driving tighter machining tolerances than our
present facility supports.

The reported prototype was characterized at room
temperature under laboratory conditions. The tolerance
study in Section II indicates that modest dimensional
deviations in pin height, air gap, inter cavity spacing,
and slot geometry affect the passbands in predictable
ways, which guided our machining tolerances.
However, comprehensive environmental assessments
such as thermal cycling, thermal vacuum, vibration and
shock, and long-term stability were not part of this
work and remain to be evaluated for satellite
deployments.

IV. PRACTICAL APPLICATIONS

The proposed dual-band GGW filter can serve as a
building block for frequency-partitioned K-band
satellite IoT payloads. The two passbands centered at
19.0 GHz and 20.75 GHz could conceptually support
different traffic classes or link requirements within a
satellite communication system. For example, one
band may be allocated to coverage-oriented IoT
services with moderate data rates, while the other could
support higher-density or higher-throughput links. The
low insertion loss, compact single-layer structure, and
suppression of parasitic leakage provided by the GGW
implementation make the filter suitable for integration
into K-band front-end architectures where efficient
spectral separation is required. The exact allocation of
frequency bands and services ultimately depends on
system-level considerations such as link budgets,
regulatory constraints, and network architecture.

V. CONCLUSION

This paper presented a dual-passband groove gap
waveguide (GGW) filter for K-band satellite
communication links, emphasizing compactness, low

insertion loss, and simplified manufacturability. The
proposed design employs two cavity groups operating
in the TE 0> mode within a single-layer GGW structure.
Inter-resonator coupling is implemented through I-
shaped slots engraved on the top plate, which act as the
primary mechanism for controlling coupling and
enabling independent tuning of the two passbands. The
cavity structure is formed using a periodic metallic pin
lattice that suppresses parallel-plate modes and ensures
strong electromagnetic confinement, while coaxial
probes provide practical excitation.

Measured results at room temperature confirm
dual-band operation centered at 19.0 and 20.75 GHz
with 3-dB bandwidths of approximately 400 MHz and
280 MHz, respectively. The prototype achieves
insertion loss below 0.4 dB in both passbands and
return loss better than 15 dB, demonstrating excellent
agreement between simulated and measured responses.
The single-layer implementation reduces assembly
complexity compared with multilayer or stacked GGW
filters, requiring only two metallic parts while
maintaining high-Q cavity performance and robust
electromagnetic confinement.

Sensitivity analysis further indicates that the
proposed structure maintains acceptable performance
under typical machining tolerances, supporting
practical implementation using standard CNC
fabrication processes. These results demonstrate that
the proposed dual-band GGW filter can serve as a
compact and low-loss building block for multiband K-
band RF front ends in satellite IoT communication
systems.

Future work will focus on evaluating
environmental robustness and long-term reliability
through thermal cycling, vibration testing, and
extended operation, as well as exploring stronger inter-
resonator coupling schemes to achieve wider fractional
bandwidth and enhanced selectivity. Additional studies
will also investigate alternative transitions and
integration with multiplexing networks to further
extend the applicability of the proposed architecture in
advanced satellite payloads.

TABLE III. PERFORMANCE COMPARISON OF THE PROPOSED FILTER WITH PRIOR ARTS.

Reference | Dimensions | Technology fo 3-dB FBW | Return Insertion Metal Number of Complexity
(A2) (GHz) (%) loss (dB) loss (dB) layers | assembly parts
[1] 2.55 %543 GGW 65.0 1.40 12.5 1.10 2 2 Low
[26] 14.9 x 4.08 RGW 11.6 0.62 10.0 1.00 2 2 Low
[27] 3.29 x2.26 MS-RGW 14.8 5.50 10.0 1.35 3 2 Moderate
[28] 2.93 x1.93 MS-RGW 21.0 4.72 14.18 1.37 3 2 Moderate
[29] 0.52 x 0.29 PRGW 12.0 8.30 25.0 1.29 3 2 Moderate
[30] 2.18x2.18 GGW 25.2 2.38 15.0 0.24 3 3 Moderate
[31] 4.62 x 0.80 GGW 17.33 4.19 15.0 1.50 2 2 Low
[36] 7.59 x 4.40 GGW 1452/ |1 226/195| 17/10 0.79/0.76 4 3 High
15.2
[37] 0.83 x0.45 GGW 679/ |0.63/0.57 |9.5/21.0| 1.98/2.12 4 3 High
69.8
This work | 4.20 x 2.33 GGW 19.0 1.32 16.0 0.37 2 2 Low
This work | 4.50 x 2.50 GGW 20.75 1.26 16.0 0.39 2 2 Low
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